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INTERPRETATION OF SOME REACTIONS IN THE CARBO- 
HYDRATE FIELD IN TERMS OF CONSECUTIVE 
ELECTRON DISPLACEMENT 


By Horace S. Isbell 


ABSTRACT 


~ An attempt has been made to show how the concept of consecutive electron 
displacement that has been developed in recent years may be used for the inter- 
pretation of certain reactions in the carbohydrate field. The viewpoint in general 
is that the peculiar properties of systems involving double bonds may be explained 


£ by the migration of electron pairs in the molecule from points of high electron 


' density to points of lower electron density, with the addition and elimination of 
~ ions. A number of apparently unrelated complex reactions of the carbohydrates 
are considered and it is shown that the formation of the products may be ex- 


_ plained by a few simple reactions involving shifts of electron pairs; these include 














 enolization, de-enolization and double decomposition. Mechanisms are presented 
- for the formation of the four classes of saccharinic acids from the 1,2-, the 2,3-, 
and the 8,4-enediols, for the formation of diacetylkojic acid from acetylgluco- 
_ sone, for the formation of unsaturated lactones from hydroxy acids, for the conver- 
~ sion of triacetylgucal to diacetylpseudoglucal, for the conversion of tetramethy!-1, 
~ 2-glucoseen to w-methoxymethylfurfural, and for the formation of furfural and 
* levulinic acid. 
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I. INTRODUCTION 


__ The development of physical organic chemistry in recent years has 
__ led to a type of organic chemistry in which reactions are represented 
in terms of the changes in the electronic structure of the reacting 
substances. Classical organic chemistry has thus been amplified, 
and an insight has been gained into the forces causing and controlling 
reactions. Although the fundamental principles of this approach to 
_ organic chemistry have been presented in a number of texts [1, 2, 3],! 
 2pplication in the field of carbohydrate chemistry has not been exten- 
j LL 
» ‘Figures in brackets indicate the literature references at the end of this paper. 
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sive, and it is therefore of interest to examine some reactions of carbo. ~ 
hydrates from the standpoint of the electronic changes involved. The | 
mechanisms are presented not as established facts but rather as inter. | 
pretations based on present concepts for the mechanisms of simp}: | 
organic reactions. Although the examples chosen for consideration | 
are highly complex, they seem to include only a few relatively simpk | 
changes such as enolization, de-enolization (ketonization), and dis. | 


placement reactions. 


Nearly all of the reactions discussed in the paper are preceded or | 
accompanied by the formation of intermediate complexes which | 
facilitate the addition and removal of groups, and the electronic 
changes indicated by the curved arrows. In the equations which | 
follow, the dotted line connecting two groups is used to indicate the F- 
formation of an intermediate complex. The dotted line separating | 
two groups represents the point of cleavage, whereas the curved arrow |} 
indicates the displacement of electrons under the influence of the” 


attacking reagent. Presumably the reactions considered are of the 
ionic type rather than of the nonionic, or free radical type. 
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According to present concepts, the enolization of a carbonyl com- > 


pound in alkaline solution, equation 1, may be considered to consist inf 
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the formation of an activated complex between the base (usually a 
hydroxyl ion) and the hydrogen of the carbon adjacent to the carbonyl 
group, or at the end of a conjugated double-bond system. A flow of 
electrons in the activated complex, from the carbon-hydrogen bond to 
ihe carbon-carbon bond and from the carbonyl carbon to the oxygen, 
Wrields a resonating enolic ion. This ion picks up a proton from the 
environment and thereby forms either the enol- or the keto-tautomer. 
Fin case the system contains conjugated double bonds, the slightly 
polarized hydrogen attached to the carbon at the end of the conju- 
gated chain combines with the base and enolization takes place as 


















onic | represented by equation 2. _ igh sere 
hich} = De-enolization (ketonization) ordinarily takes place by ionization of 
the f %the enolic hydrogen accompanied by a flow of electrons to the adjacent 








“Becarbon, or if the enol contains a conjugated double-bond system, to the 
Fearbon at the end of the double-bond system. Electrical neutrality 
is maintained by the addition of a proton, or by elimination of a group 
'} carrying the excess tlectrons. The first process is the reverse of enoli- 
/ zation, the second process is represented by equation 3, in which X is a 
group such as OH, Cl, OCH;, OAc, etc., attached to the carbon adja- 
“+ cent to the enolic grouping, or to the carbon at the end of a conjugated 
double-bond system. Elimination of negative groups may also take 
place by displacement as represented in equation 4, or in some cases 
with the formation of heterocyclic rings, as in equations 5 and 6. 
Changes of the type represented by the equations involve consecutive 
electron displacements with the addition and elimination of ions. The 
reaction mechanisms are similar to mechanisms which have been 
postulated by Hauser in fundamental studies relating to elimination 
and rearrangement reactions [4]. In a previous publication [5] the 
present author discussed briefly the alkaline cleavage of certain glyco- 
sides, the formation of benzene derivatives from ketoinositols, and the 
~ production of furfural from glycoseens. Limitations of space, however, 
did not permit full development of the subject, and consideration of 
many other important reactions. 







aay aa ean MeN 


q Il. FORMATION OF SACCHARINIC ACIDS BY THE ACTION 
OF ALKALI ON SUGARS 





_ For many years the conversion of reducing sugars to saccharinic 
'sacids by the action of strong bases has been the subject of much 
speculation and considerable research. Recently an excellent review 
| of the reactions resulting in saccharinic acids, and the work which 
_ led to the assignment of structures to the various saccharinic acids 
/ was published by Evans [6]. In the hexose series the saccharinic 
acids have been classified in four groups [7, 8]: 
1. Metasaccharinie acids, CH,OH.CHOH.CHOH.CH,2.CHOH.COOH. 


: COOH 
2. Saccharinie acids CH.JOH.CHOH.CHOH.COH.CHs3. 


COOH 
3. Isosaccharinie acids CH.OH.CHOH.CH,.COH.CH,OH. 


COOH 
4. Parasaccharinie acids CH,OH.CHOH.COH.CH,CH,OH. 


On account of the complex character of the substances, the idea was 
promoted early that they might be formed by recondensation of 
degradation products of the sugar molecule, such as lactic acid and 
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glyceraldehyde. This process would not be restricted to the formation 3 
of saccharinic acids containing the same number of carbons as the | 


parent sugar; hence one would expect to obtain 6-carbon saccharinic | 7 


acids from the lower sugars as well as from the hexoses. Since this js | 
not the case, the hypothesis has been generally discarded. 

Nef [7] postulated a progressive migration of the carbonyl grou | 
along the carbon chain with the formation of 2- and 3-ketohexoses, f 


He assumed that these ketoses, by internal oxidation and reduction, . 


form desoxydiketo compounds, which undergo benzilic acid rearrange. : 


ments. According to Nef’s concept, the desoxydiketo compounds e 


were formed through intermediate methylenic compounds containing f - 
an active bivalent carbon atom. In the light of our present know ledge, 4 
Nef’s mechanism for the production of the diketo compounds seems | — 
improbable, but his concept of the occurrence of a benzilic acid | 
rearrangement is nevertheless acceptable. Benoy and Evans {) 
suggested the following mechanism for the formation of the desoxy- 
diketo compounds from enediols: 


| i | 
C—OH C= 
Oo— 
ae 
| —H,0 || / 
— 
buon er 


| 

They consider the saccharinic acids to be derived from the 1,2-ene- F- 

diols, the isosaccharinic from the 3,4-enediols, and the parasaccharinic F — 

and metasaccharinic acids from the 2,3-enediols. ‘ 

Nicolet [10] observed that a-hydroxy-$-methoxy-8-phenylpropio- F_ 
phenone, on treatment with alkali, gives a, B-diphenyllactic acid. He 

noted that the reaction requires elimination of the methoxyl attached 





to the beta carbon and stated that the reaction made a revision of F~ 
Nef’s theory of saccharinic acid formation necessary. Elimination o! f 


a methoxyl (or of a hydroxyl) on the carbon beta to a carbonyl group F 
might take place directly i elimination of the elements of meth! 

alcohol (or water) from adjacent carbon atoms, or indirectly through 
enolization and a reaction of the type represented by equation 3, 
page 46. The latter course seems the more probable and is used it 


the equations for saccharinic acid formation, although it is recognized F 


that either course might be followed. 

The formation of the various saccharinic acids from the several 
enediols may be explained in accordance with the concept of consecw- F- 
tive electron displacement, by the following reactions: 1. Ionization 
of a hydrogen of the enediol followed by elimination of a hydroxy] by F 
a reaction of the type represented by equation 3, page 46. 2. Ketoni 
zation with the formation of a desoxydiketo compound. 3. A rearrange: 
ment of the benzilic acid type, giving the saccharinic acid. ‘The 
benzilic acid rearrangement, originally suggested by Nef, involves 8 
shift of a group with its binding electrons from one carbon to another, 
and differs fundamentally from the consecutive electron displace 
ments characteristic of most of the reactions considered here. Pre F_ 
sumably it takes place through an intermediate ion formed either by F 
addition of a hydroxyl, or by loss of a proton from the hydrated car fF 
bonyl group. The mechanism for reactions of the benzilic acid type 
(see footnote 2) is discussed in references [1, 2, 3, 4]. It may be ‘ob 
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ation @ served by inspection of the accompanying formulas that metasaccha- 
S the | ag rinic acids are represented as derived from the 1,2-enediols, parasaccha- 
rinie | ag runic acids from the 3,4-enediols, and saccharinic and isosaccharinic 
his ig | acids from the 2,3-enediols. These correlations are at variance with 


‘those heretofore postulated. Reactions of the type outlined in the 
formulas may be used to account for the formation of saccharinic 













rroup | ; : . - 
i “Yacids from other sugars and for the formation of lactic acid from 
stion |» glyceraldehyde through the intermediate methylglyoxal. 
tion, 
ange. 
yunds Formation of metasaccharinic acids from 
cm hexose 1,2-enediols 
3 5 
edge, F 
seems F f: 
acid m \' \.4 J. On + Ht COOH 
SOXy: (G-oH of ca 04 HO -OH 
* ; (Ke 
Pe x-ci-oH H= 00 H-O0-H H-O-H 
t \ | 
|  CHOH.CHOH.CH,OH CHOH .CHOH. CHOB CHOH.CHOH.CH,OH  CHOH.CHOH.CH,OH 
Benzilic acid rearrangement ° 
I Ir Tir Iv 
‘ 
ene: 
arinic Formation of saccharinic acids from 
i hexose 2, }-enediols 
Oplo- F ; 
He F u 4 
*) | J ] 
iched H- Ch OH H- (cx.) 0 
on of B | a “ 
on of F io. _> o£ — +OH +H, ten 
ot ¢ 0 £0u C=0 ra.) Oy-8 - 08 
vi & 
ou i CHOH,.CHOH.CH,0H CHOH .CHOH.CH,OH CHOH. CHOH,CH,,OH CHOH .CHOH.CH,O# 
‘ough ° e 2 
on 3, F 
‘ Vv vI 
ed in E bias virE 
nized F 
veral 
secu: : Formation of isosaccharinic acids from 
ation F hexose 2,3-enediols. 
yl by Fe CHp0H CH2OH 
ton: | 
ange: ; =0 t COOH 
‘ a + 
hie ib du 9 4 + OH + Hl CH2OH ~ CoH 
ves H =-C H-O-H H-C-H 
yt her, | I | 
ai CHOH.CH,OH CHOH.CHDOH = = © CHOH.CHp0H CHOH .CHOH 
Pre- v Ix x XI 
er by 


LT 
?In the benzilic acid rearrangement reported here, the hydrate and its ion, supposedly formed as intere 
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Formation of parasaccharinic acids from 
hexose 3,4-enediols 





CH,0OH CHOH 

I, I | : . 
H-C-OH H-C C=0 +0H4H COOH 

i — iP ' ate _ el 

G - OH ¢ £04 ¢ £b CHpOH. CHp~C-0# 
; 
C £0 ¢ =<0 CHOH.CH,OH CHOH.CHA0x 
CHOH. CHp0H CHOH.CH,0H 
XII XIII XIV xv 


Nicolet's conversion of o-hydroxy-@-methozry-A = 
phenylpropiophenone to «, A -diphenyllactic acid 
may be formulated as follows: 


wv 
res Cos Cots 68s 
c 8 o*du - G20 ~~ oh + Ht ocee 
' > ! | ' + 
EG On (: - 0H ofc ? : 3 "—? O¢Hg=0-08 
salt te H = O-OCHs _ ik ina H-C-H 
|' | 
: : CH C 
“65 6s O65 &5 6"5 
XVI XVII XVIII KIX xx 


III. FORMATION OF DIACETYLKOJIC ACID FROM 
ACETYLATED GLUCOSONE HYDRATE 


When tetraacetylglucosone hydrate is treated with acetic anhydride 
and either sodium acetate or pyridine, it is converted to diacetylkojic 
acid [11]. The experimental conditions are similar to those which 
effect the conversion of pentaacetylketoinositol to tetraacetoxyben- 
zene [12] discussed in [5], and to the conditions which Barnes and 
Tulane have found to be effective for converting a-hydroxyketones into 
diacetates of enediols [13]. 

The action of acetic anhydride and sodium acetate in effecting 
enolization of keto acetates seems analogous to the catalytic action of 
bases and amphoteric solvents in effecting ordinary enolizations, 
Reactions involving the addition and elimination of protons are pro- 
moted by substances capable of donating and accepting protons, 
whereas reactions involving the addition and elimination of acetate 
ions seem to be promoted by substances capable of supplying and 
accepting acetate ions. 

Maurer, who discovered the reaction leading to the formation of 
kojic acid, suggested a mechanism that includes the formation of a 
2,3-anhydro compound, cleavage of the anhydro compound with the 
formation of a keto group at carbon 3, followed by elimination of 2 
molecules of acetic acid. In accordance with the electronic concept 
as illustrated by formulas XXI to X XVII, the reaction may be ex- 
plained by (1) formation of a free carbonyl group from the hemiacetal, 
(2) enolization of the carbonyl group, (3). de-enolization of the enediol 
with elimination of the acetyl group of carbon 4, (4) enolization of the 
resulting compound through the conjugated double bond, (5) and (6) 
migration of the acetyl group of carbon 3 to carbon 2 by means of an 
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intermediate complex of the orthoester type, with elimination of a 
proton and an acetate ion. The product would then be diacetylkojic 


acid, the substance obtained experimentally by Maurer. 


Many 


examples of the migration of acetyl groups in partially acetylated 
carbohydrates are reported in the chemical literature [14]. 
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HYDROXY ACIDS 


(4) 


IV. FORMATION OF UNSATURATED LACTONES FROM 


As pointed out by Kiliani [15], Rehorst [16], and others, the lactones 


“Sof mannosaccharie and saccharic acids are peculiar in that they give 


fa series of reactions not in accord with the simple lactone structure 
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The lactones react with hydrogen cyanide, combine with 
' iodine and give other reactions indicative of an unsaturated structure. 
' >To explain the existence of lactone salts differing from those of the 
'scorresponding acids, Haworth [17] proposed an enolic structure. 
The capacity of carboxylic acids, lactones, and esters to form enolic 
/#ntermediates provides a means for forming unsaturated derivatives 
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of diverse character by processes of consecutive electron displacement, | _ 
The formation of the unsaturated ester XXX by methylation of the | 
monolactone of saccharic acid XXVIII and the formation of the 
dimethylester of dimethoxymuconic acid [18] were considered briefly 
in [5]. 

A somewhat similar explanation may be advanced to account for 
the formation of an unsaturated lactone XXXVI from glucosaminic 
acid XX XI by treatment with acetic anhydride and sodium acetate 
[19]. In the acetylation of chitobionic acid XXXVII the reaction 
stops with XX XVIII, a substance analogous to XXXIV. 
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V. CONVERSION OF TRIACETYLGLUCAL TO DIACETYL} b 
PSEUDOGLUCAL 









The glycals and related compounds give several reactions of interes'\F¥ & 
to the subject under discussion. As discovered by Bergmann anif Bt 
Schotte [20] when the unsaturated sugar derivative, triacetyl-D-F 

glucal, XX XIX is heated with water the double bond migrates fromf © 
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Ahe 1,2 to the 2,3 position and a compound designated diacetylpseu- 
Wdoglucal XL is formed. The reaction involves the addition of a 
Whydroxy! ion and the elimination of an acetate ion, presumably with 
nn electron shift, as indicated by arrows shown in the formula below. 
Whis is a simple example of a reaction of the type represented by 
Pequation 4, page 46. 


H H QkOR 8 H OH . * 
AcOCH,-C = C= ORC 7G + Hp0—>ACOCH,-C - O- O = CO - C-OH +HOAC 
. duc x | | Ode H 
0 9) 








(triecetylglucal) (diacetyl pseudoglucal) 
XXXIX XL 


; I. CONVERSION OF PSEUDOGLUCAL TO ISOGLUCAL AND 
: PROTOGLUCAL 


_ Bergmann and Freudenberg [21] have shown that saponification of 
‘diacetylpseudoglucal XL by treatment with cold alkali yields two 
‘products, designated isoglucal, XLI, and protoglucal, XLII. At- 
‘tempts to work out a satisfactory mechanism for the production of 
“these substances by means of consecutive electron displacements have 
‘been unsuccessful. Displacement reactions of the type under con- 
‘sideration would yield among other substances, by the processes indi- 
‘cated below, compounds having structures XLV and XLVIII. These 
‘hypothetical substances would give most but not all of the reactions 
‘recorded for isoglucal and protoglucal. Structures XLI and XLII 

for isoglucal and protoglucal are based on substantial experimental 
‘evidence [22], yet the plausibility of the hypothetical reactions leading 
‘to substances having structures XLV and XLVIII would seem to 
warrant further investigation. 


H 
| 


~~ H-C=0 
=0 H 
| 
H-0-0OH H-C-H 
f eon 
H “" 
H H 
XLI (isoglucal) XLII (protoglucal) 





~ The hypothetical reaction for the conversion of pseudoglucal XLIIT 
0 a 3,6-anhydro compound XLIV is similar to the intramolecular 
| tleavage suggested previously [23] in explanation of the observation 
| by Ohle and Wilcke [24] that 3,6-anhydro-8-methyl glucoside is formed 


‘f by the action of sodium methylate on 2,3-anhydro-8-methyl alloside. 


_ the intramolecular cleavage represented in XLIII takes place through 
“2 double-bond system, whereas that giving 3,6-anhydro-8-methyl 


sf Blucoside takes place directly. The migration of anhydro rings by 


. uccessive electron displacements may occur in other reactions, for 
-# stance as an intermediate step in the formation of 1,6-anhydro 
_ fompounds from 6-phenyl glycosides [25]. 
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HYPOTHETICAL REACTIONS OF PSEUDOGLUCAL 
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XLVI (pseudoglucal) XLVIII 


VII. CONVERSION OF TETRAMETHYL-1,2-GLUCOSEEN 1 
w-METHOXYMETHYLFURFURAL 


Recently Wolfrom, Wallace, and Metcalf [26] made the very 1 
teresting observation that tetramethyl-1,2-glucoseen, XLIX on mil 
treatment with acid yields w-methoxymethylfurfural LIV with t! 
intermediate production of a 3,4-unsaturated osone LIII. The {0 
mation of the latter substance may be explained by the series of suf 
cessive electron displacements outlined below. Presumably, the dri 
ing force of the reaction is the combination of the methoxyl grout 
with hydrogen ions to form methyl alcohol. 
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CH,OMe H,OMe 


LII LIIt LIV 


Step (1) is a reaction analogous to the formation of diacetylpseu- 
doglucal from triacetylglucal, (2) gives the open-chain modification, 
3) is a reaction of the type represented by equation 6, page 46, in 
which the oxygen of carbon 5 provides the entering group, (4) gives 
rise to the 3,4-unsaturated osone isolated by Wolfrom, Wallace, and 
Metcalf, and (5) depicts its conversion to w-methoxymethylfurfural. 
lydrolysis of compound LII to the 3,4-unsaturated osone is shown 
ws preceding the formation of w-methoxymethylfurfural LIV. The 
atter substance might be formed directly from LII by elimination of 
the hydrogen of carbon 5 and the methoxyl of carbon 2, with the 
requisite electron shift. 


VII. FORMATION OF FURFURAL FROM TRIMETHYL- 
PENTOSES 


Several years ago Neher and Lewis [27] observed that when a 
trimethylpentose LV, represented here in the open-chain form is 
veated first with alkali and then with acid, furfural LX is formed 
even at room temperature, and suggested that the methylated enediol 
LVI produced by the action of the alkali on the methylpentose is the 
wecursor of the furfural. In accordance with the concept of con- 
ecutive electron displacement, the reaction may be represented in 
the following manner: 


.o 


Vv 
sif-oon 
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The mechanism, which is similar to that proposed for the cop. 
version of tetramethyl-1,2-glucoseen to w-methoxymethylfurfural, 
includes as an intermediate a 3,4-unsaturated osone LIX analogoys 
to LIII, the compound prepared by Wolfrom, Wallace, and Metcalf 

Hurd and Isenhour [28] suggested the following mechanism ty 
account for the formation of furfural from pentoses: 
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Compound LXII corresponds to the methylated compound, LYII. 
In accordance with general principles employed here, LXII, on ring 
closure, would yield the 3,4-unsaturated compound LXVI in place of 
the 2,3-unsaturated compound LXIII suggested by Hurd and Isen- 
hour. Furfural, LX VII, would result from the changes indicated by 
the arrows in formula LXVI. The driving force of the reaction woul 
appear to be removal of hydroxyl groups through combination with 
hydrogen ions derived from the acid catalyst. 


LXV (LXII) LXVI LXVIL 


In connection with the formation of furfural from trimethylpentoses, 
the formation of furanecarboxylic acid LX XIII by treatment of 
2,3 ,4-trimethyl-5-xylonolactone LXV with aqueous pyridine may 
be mentioned [29]. The reaction takes places by merely heating au 
aqueous solution of the methyl lactone with pyridine. The reaction 
may be explained in terms of electron displacement as follows: 


bio ubde ) en 


en " (ceoMe C~OMe 
“| — \ — | 
MeO-C-H 0 Me0-c-H =O. “a © 


| I | 
lees apie at fea | 
H-C H-0 ——— H-C 


H H H 











LxIx Luxx 





Shed a ieee Ee SONG ei age Ay. 5 aL A 
ee ee ee a a ee 


Reactions in the Carbohydrate Field 


O=C-OH ones O=C-0H 
' I 
C-OMe f r 


ime 
O-H *\ H-¢ 
.. i | 


H=0-OMe / C-H 0 0-H (0 
| ian if A ott | I 
H-0-6H HLC C 
‘i H 


Ris 
LXXI LXXITI LXXIIT 


" IX. FORMATION OF LEVULINIC ACID FROM w-HYDROXY- 
_ “METHYLFURFURAL AND FROM 2-DESOXYPENTOSES 


' When hexoses are boiled with aqueous acid w-hydroxymethy]l- 
' furfural is formed and ultimately converted to levulinic acid. Con- 
' siderable work has been conducted with the object of clarifying the 
' mechanism for the formation of levulinic acid [30]. According to 
' Pummerer, Guyot and Birkofer [30a] the reaction involves opening of 


' the furane ring with the formation of 2,5-dioxo-6-hydroxycaproic 


_ aldehyde, followed by elimination of formic acid and oxidation of the 
' aldehyde group by the primary alcohol group. The production of 
levulinic acid LX XX from w-hydroxymethylfurfural LX XIV may be 
» formulated in accordance with the electfonic concept as follows: 
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1 A bibliography on levulinic acid has been prepared by the A. E. Staley Manufacturing Co., Decatur 
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Step (1) is somewhat analogous to the conversion of triacetylglucal 
to diacetylpseudoglucal, (2) is merely a conversion of a hemiacet al to 
an aldehyde, (3) is a de-enolization, (4) depicts cleavage of a carbon. 
carbon bond by enolization of a keto group to form a ketene deriva. 
tive, a process represented as somewhat analogous to enolization 
through a conjugated double bond. Since the ketene would ¢* a 
proton and a hydroxyl to give the enolic form of levulinie acid, st; 
(5), it would have only a transitory existence. 

Levene and Mori have observed the production of levulinic acid 
from 2-desoxypentoses [31]; an explanation similar to that given 
above may be advanced to account for this reaction, formulas LX XX] 
to LXXXIX. Step 6 is noteworthy as it represents enolization of 
a keto group through the hydrogen of an aldehyde, a step somewhat 
analogous to (4) in the preceding process. The existence of LXXXVII 
as a chemical entity would seem questionable and hence this com- 
pound is considered merely as a transition state between the alde- 
hyde and the acid. The transition might follow a free radical course 
similar to the mechanism of the Cannizzaro reaction. 
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The examples which have been cited, clearly show how the prin- 
ciple of consecutive electron displacement provides a rational basis 
for many reactions which have heretofore seemed somewhat peculiar. 
Naturally all reactions cannot be explained by any one mechanism. 
Possibly some of the reactions described here may be found in the 
future to follow other mechanisms, but nevertheless the concept of 
consecutive electron displacement seems to provide a very useful 
means for correlating existing knowledge and for stimulating further 
investigation. 
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MEASURING THE RATE OF WEAR OF TIRE TREADS 


By Frank L. Roth and William L. Holt 


ABSTRACT 


The rates of wear of different tread materials were determined by weighing 


; ‘ tires after running them prescribed distances on the roads. The method proved 


feasible for passenger car tires, involved a minimum amount of work, and yielded 


- data in a few miles of driving which could be used to predict the life of the tread. 
' This paper presents typical results obtained on five different tread -materials, 
including prewar natural rubber treads. The rate of wear of the least resistant 
tread material was eight times that of the most resistant material. 
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I. INTRODUCTION 


During the height of the emergency period, when many possible 


- materials were being considered for the treads of pneumatic tires, this 
_ Bureau was called upon to make measurements on the rate of wear of 
' several of these materials. Since few tires and even fewer test cars 
" were available, and early results were desired, it was necessary to 
' obtain a reasonably precise and reliable measure of the tread wear 
_ during relatively few miles of driving. There are two obvious methods 
_ of determining the loss of tread rubber from a tire: (1) by measuring 
' the groove depths in the tread design at intervals, and (2) by weighing 
» the tire at intervals. 


The first method requires measurements of groove depths at many 


' places on the tire. Since the depths of the grooves in most new 
| passenger car tires are only % inch or less and are not uniform in 
', many tread designs, it is clearly difficult, by this method to obtain 
_ any reliable prediction about the life of the tread until an appreciable 
' portion of the rubber has been worn away. 


The second method, namely, weighing the tire at intervals, was 


- chosen because of the greater precision obtained by its use. The 
' weight of a tire can be determined to within 1 or 2 grams, and about 
~ 2,000 grams of tread-rubber are worn away during the life of the tread. 
_ Observations of tread wear for these several materials were continued 
' alter the preliminary predictions of the tread lives had been made. 
_ The results obtained showed that this method was feasible for evaluat- 
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ing passenger car tires and indicated the effect of other details, such 
as the location of the tires on the car and the alinement of the wheels. 
The data presented in this paper illustrate typical results on five dif. 
ferent tread materials, including prewar natural rubber treads. The 
rate of wear of the least resistant tread material was eight times that 
of the most resistant material. 


II. METHOD OF DETERMINING THE RATE OF TREAD 
WEAR 


The tires reported on in this paper were four-ply, size 6.00—16, with 
highway design treads. Some were recaps and some were new tires, 
A tire with tube was mounted on a wheel, and the whole assembly was 
weighed on an equal-arm balance. The weight of « mounted tire and 
wheel was in the neighborhood of 20,000 grams, and the precision of 
weighing was 1 gram. The air pressure was always adjusted to 32 
lbsin.”, with the tire at room temperature previous to weighing. The 
wheel asSemblies were placed on a test car, and after running them 
prescribed distances were removed and weighed. For most tires the 
loss of weight was determined at from 100- to 300-mile intervals, and 
for some, where the loss was small, at 500- to 1,000-mile intervals, 

Usually the tire and wheel were merely brushed clean before weig)- 
ing them. When it was necessary to wash off mud and dirt, the tires 
were dried in a warm room (100° F) for about 2 hours before weighing. 
Judging from the consistency of successive weighings, this washing 
had little effect on the weight. By using a reference tire and making 
weighings over a period of 15 months, a gradual change in weight 
from season to season was noted. The weight was greatest in October 
and least in March. The difference was about 20 grams and could be 
attributed to relatively high and low humidities. Such changes in 
weight due to changes in humidity were small compared with the 
loss in weight due to wear. 


III. CONDITIONS OF TEST 


Most of the results reported are based on tests made on a Studebaker 
Champion coach (abbreviated stup), but some were made on a Ford 
coach and a few on a Chevrolet station wagon (abbreviated cHEY). 
The loads carried by the first two cars varied with the number of 
passengers. The load carried by the Chevrolet was approximately 
constant. The loads were as follows: 


oo ener | GR ee 775 to 800 pounds. 
eee ie, Rear tires______.__.__._ 770 to 910 pounds. 

geud Front tires_........... approximately 870 pounds. 
hie eats Rear tires______.___.-. approximately 935 pounds. 

onns Si tires__.......... approximately 885 pounds. 
eae Rear tires__.__-_._.._. approximately 935 pounds. 


The speeds were moderate and seldom exceeded 40 mph. Air pres- 
sures were maintained at approximately 32 Ib/in?. The tires were not 
run over the same route, but the general character of the roads was 
the same. They were paved for the most part and consisted partly 
of concrete and partly of macadam. Tests were made at periods 
between April 1942 and September 1943. More exact dates are given 
on the graphs for particular tires. 
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IV. RESULTS 


The results of tests are shown in figures 1, 2, and 3. Five different 
tread materials are considered (1) 100-percent reclaimed rubber, (2) 
butyl rubber, (3) Flexon, a modified butyl rubber, (4) GR-S type 
synthetic rubber, and (5) natural rubber. 
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FicurE 1.—Loss in volume of tread rubber versus the distance traveled for two 100 

percent reclaim recaps and two prewar natural rubber tires. 

Solid points refer to measurements made when the tire was on a left wheel, and open points refer to measure” 
ments made when the tire was on a right wheel. The numbers on the straight portions of the curve$ 
show the average miles of service per cubic inch of tread wear. The tires were run between April and 
September 1942. 

Because the specific gravities of the tread materials differed, the 
losses in weight were converted to losses in volume, and these values 
are plotted against the miles run. The specific gravities as measured 
were: reclaim, 1.28; butyl rubber, 1.13; Flexon, 1.17; GR-S type, 
1.18; natural rubber, 1.14. Lines show the average rate of wear 
under each test condition, and a number shows the reciprocal of this 
rate in miles per cubic inch of rubber. The range of these values is 
given in table 1. 


TABLE 1.—Range of values for different treads 








| Miles per cubic | 


inch of tread 
wear ® 


} 


Kind of tread 





Prewar (natural rubber) - - ----- 210 to 3506 
GR-S type Seer es 210 to 320 
Buty) tupoe?..........--. 150 to 280 
paces 120 to 260 
Reclaim 2 to 85 











* For a 6.00-16 tire there are usually about 100 cubic inches of tread available, so that the figures in the 
table may be multiplied by 100 to obtain an approximation of the total miles of service from a tread. 

> The value of 500 miles obtained for the front wheel of the Ford (fig. 1) was probably due to exception- 
ally favorable conditions. 
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Ficure 2.—Loss in volume of tread rubber versus the distance traveled for a Butyl 
and a Flexon tire. 


“F” and “‘R”’ indicate, respectively, front and rear wheel wear. Solid points refer to measurements made 
when the tire was on a left wheel, and open points refer to measurements made when the tire was ona 
right wheel. The numbers on the straight portions of the curves show the average miles of service per 
cubic inch of tread wear. The Flexon tire was run from August 1942 to April 1943. It was on the front 
during the winter months. The Buty] tire was run from July to December 1942 and from May to August 
1943. It was removed during the winter months because of poor traction in snow. 
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Ficurs 3.—Loss in volume of tread rubber versus the distance traveled for a GR-S 
type synthetic tire. 

“F” and “R” indicate, respectively, front and rear wheel wear. Solid points refer to measurements mad¢é 

when the tire was on a left wheel, and open points refer to measurements made when the tire was on 4 


right wheel. The numbers on the straight portion of the curves show the average miles of service per 
cubic inch of tread wear. The tire was run from July 1942 to September 1943. 
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> A record of the daily temperatures was kept during the time some 
“of the tires were being run, and an attempt was made to correlate 
wear with temperature. No marked difference was found in the rate 
of wear during periods of relatively high or low temperatures. 


V. CONCLUSIONS 


- The method of determining the rate of wear of tire treads by weigh- 
‘Jing the tire and wheel at intervals and noting the loss in weight has 
“been found feasible for passenger car tires. 
'. Data on the rate of wear can be obtained from a tire which has 
‘run comparatively few miles. 
' This method is quite sensitive in showing up features that influence 
wear, such as differences between front and rear wheels and the 
' effect of misalinement. 


Wasuinaton, November 24, 1943. 
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A PRECISION APPARATUS FOR THE RAPID DETERMINA- 
TION OF INDICES OF REFRACTION AND DISPERSION 
BY IMMERSION 


By Conrad A. Faick and Bernard Fonoroff 


es ip cca 


ABSTRACT 


A new immersion method for determining indices of refraction and v values, 
Nemploying the double-diaphragm method tor securing oblique illumination, is 
desc:ibed. The average error in the determination of indices of refraction based 
pon 144 measurements is 2x10-5; the maximum error is 5x10-5. Complete 
neasurements of the indices of refraction for the sodium D line and the hydrogen 
‘and C lines may be made in approximately 1% hours, and from these measure- 
ments the v values may be calculated with an average error of 0.1 anda maximum 
rror of 0.8. 
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I. INTRODUCTION 
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In the production of optical glass, careful control over the optical 
: roperties, especi ially the index of refraction (np) and the Abbe value 
a ), of the product is essential. Most methods for measuring indices 

po refraction are sufficiently accurate for the control of the np value. 
BThe y value, on the other hand, presents a special problem in index 
neasurement. It is defined as (np—1)/(nr—ne), and in order to 
“determine this value within certain specified limits, the index of 
efraction must be measured very accurately. Some typical tolerances 
prhich have to be met and the errors in the index measurements 
“corresponding to these tolerances are shown in table 1. 








re 


TABLE 1.—Typical tolerances for np and v values 











p Error corre- 
Glass Typical values and tolerances | sponding to 
tolerance in » 





; np v 

4 Borosilicate crown___..._--- 1.517 +0.001 64.5 +0.3 +210-5 
Light barium crown___._-- 1. 572 +0. 001 57.4 +0.3 +3xX10-5 
| a ne 1.649 +0. 0015 33.8 +0.3 +9X1075 
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It is obvious from table 1 that the required accuracy of index megs. 
urements is determined mainly by the v value tolerances. If the erros 
in index measurements are as great as those listed in column three, th 
v value may be in error by the amount of the permissible tolerance, 
In order to be certain that the v values are well within the require 
limits, the best spectrometer measurements ! are necessary for fini| 
control of crown glasses, and are desirable for flint glasses. However 
there are many useful routine checks and measurements that can }y 
made on refractometers. 

In normal times at the optical glass plant of the National Bureau o 
Standards, the problem of control was solved by making two inde. 
pendent sets of measurements. The immersion method of Faick an( 
Finn * was used for immediate production control work. The fing! 
and more accurate values of optical constants were later measured 0 
a spectrometer and a precision refractometer. 

During wartime, manufacturers are called upon to make new glasses 
and a greater variety of them. This requires frequent changes in 
batch compositions and makes necessary more frequent and carefil 
determination of index of refraction and dispersion. Under thex 
conditions the above-mentioned immersion control method was def- 
cient both as to speed and accuracy. The more accurate index meas 
urements as they are generally made, on spectrometers or on carefully 
calibrated Pulfrich refractometers, require ground and _pitch-polished 
samples. The time-consuming operations of grinding and polishing 
cause delay in the processing of the glass or in the revision of bate) 
compositions, especially in glass plants that are not equipped wit) 
grinding and polishing facilities for the preparation of samples. Mos 
immersion methods permit the use of rough, unprepared samples, but 
either do not yield sufficiently accurate results or lack the simplicity 
and speed desired.’ It was, therefore, felt desirable to develop a 
immersion method for rough samples which would have the required 
accuracy and permit speed and ease of manipulation. 


II. METHOD OF MATCHING 


One of the chief requirements of immersion refractometry is 4 
sensitive method for ascertaining the match between the indices o 
the sample and the immersion liquid. Of the various methods that 
could be used for this, one embodying the principles of oblique 
illumination, well-known to petrographers, seemed the most promising 
both for sensitivity and simplicity of operation. A system of oblique 
illumination, using double diaphragms, has been described by Saylor’ 
and shown to be superior to usual methods, at least when used on 
microscope. Another double-diaphragm method, employing a tele 
scope and a long focus lens as parts of the optical system, has beet 
used by Cheshire * for measuring the index of refraction of glass by 
immersion. This system is too cumbersome for rapid control work. 

1H. L. Gurewitz and L. W. Tilton, J. Research NBS 82, 39 (1944) RP1572. 

2C. A. Faick and A. N. Finn, BS J. Research 6, 993-1002 (1931) RP320. sats 

This method consists essentially in matching the index of refraction of the glass with that of a suita# 
liquid in which the sample is immersed and then measuring the index of the liquid. The apparatus cons! 
of a telescope and a grid, illuminated by a sodium light, which are placed on opposite sides of a water-coole: 
tank containing the immersion liquid and sample. The match between the glass and the liquid is obtaines 
by altering the index of the liquid until no distortion of the grid pattern is observed through the telescor. 
Accuracies within +3X10~ are obtainable with tnis method. : r 

8 For a discussion of immersion refractometry, see Glazebrook’s Dictionary of Applied Physics 4, ! 
(The Macmillan Co., New York, N. Y., 1923) 


4C. P. Saylor, J. Research NBS 15, 277-294 (1935) RP829. 
5 R. W. Cheshire, Phil. Mag. [6] 32, 409-420 (1916). 
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eas. Basically, the method finally chosen consists in inserting at the 
TORS E focus of a condensing lens (fig. 1, A) a diaphragm which shades out 
, the EF "almost one-half of the beam of light. The emerging beam is then 
nees, F passed through the immersion liquid and again brought to a focus by 
= means of a second converging lens. At this focus (fig. 1, B) a second 
inal B 
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Figure 1.—Schematic drawing of the optical system for matching the indices of the 
isses ea glass and immersion liquid. 
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ref) @ diaphragm is placed so that most of the remaining bright portion of 
hes @ | the beam is shaded out. If a telescope is then inserted in the system, 
def. . the field, as seen through the eyepiece, will appear dimly but uniformly 
lighted. Now, when a specimen is immersed in a liquid of the same 





LEAS: : - ; 
fully @ index of refraction as that of the specimen, the light rays passing 
shej [| through the specimen will not be deviated and, since the second 
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uitable 
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‘sc Ti Ficure 2.—Field through the eyepiece of the telescope—diaphragm on right side of 
nr the instrument. 


A, When the index of the liquid is greater than the index of the sample; B, When the liquid and sample 
_ have the same index; C, When the index of the liquid is lower than that of the sample. 
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diaphragm takes out the bright portion ot the beam, the sample yil 
be practically invisible against the dimly lighted field seen throug) 
the eyepiece (fig. 2, B). However, if the match between the samp 
and liquid is altered, the path of light passing through the samp 
will be deviated so that the sample no longer blends with the field 
but becomes light on one side and dark on the other. When the index 
of the immersion liquid is greater than that of the glass, the side o 
the sample (as seen through the telescope) that is on the same si 
as the diaphragms will be light (fig. 2, A); when the index of the liquid 
is lower, the opposite side of the sample will be light (fig. 2, C). By 
altering the index of refraction of the immersion liquid, which is y 
mixture of two liquids, one of a low and the other of a high refractive 
index, the match between the specimen and immersion medium can 
be easily established. After a match has been obtained, the index of 
refraction of the liquid is measured on a precision refractometer by 
comperison with a standard of approximately the same index. 


III. APPARATUS 


The apparatus (figs. 1 and 3) consists essentially of light sources, a 
monochromator with the exit slit removed, a collimator, an immersion 
tank, a telescope, a tested precision refractometer, and accessory 
equipment. Referring to figure 1, the light from the source is firs! 
passed through a monochromator,® where a particular spectrum line 
is isolated and is brought to a focus at the end of the collimator wher 
the first diaphragm is placed. This diaphragm is an adjustable 
knife-edge that covers part of a circular opening, replacing the usual 
collimator stit. The light then passes through the collimator, from 
which it emerges as a parallel beam (or a very slightly converging 
one) that passes through the tank and then enters the telescope. 
Near the focal plane, the second diaphragm, which is also adjustable, 
is located. The objective is selected so that in combination with the 
evepiece it forms a telescope that can be focused on the sample in the 
immersion tank at a distance which is convenient for the operator. 
As an added convenience, the telescope is fitted with a right-angle 
prism and mounted in a vertical position. 

The light sources used are a sodium-vapor lamp and a hydroger- 
discharge tube. They are mounted on a sliding support to facilitate 
changing from one to the other (fig. 3). 

The immersion tank is equipped with plate-glass windows and 4 
water jacket for temperature control. The water jackets of this tank 
and of the refractometer are connected in parallel, and water from 
the same source is circulated through both. The accessory equip: 
ment includes a water reservoir and circulating pump, a motorized 
stirrer for mixing the immersion liquids, thermometers’ in the im- 
mersion tank and refractometer and a vacuum pump and a hydrogel 
generator for frequent refilling of the discharge tube. 


ium 


6 By use of 3 monochromator, it was possible to avoid difficulties arising from the other lines in the sod 
source, and from the continuous spectrum in the hydrogen tube. Filters like those used on the refractome! 
were found unsatisfactory on the matching instrument. 

7 Mercury-in-glass type graduated to a tenth of a degree, permitting the estimation of hundredths of 8 
degree. The thermometers should be carefully checked against each other, since the difference in temp" 
ature is the important factor. 

- 


See SRS RSI 
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Figure 3.— Complete immersion apparatus. 
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IV. PROCEDURE 


Six immersion liquids were prepared. The indices of refraction of 


these liquids were approximately 1.517, 1.572, 1.604, 1.617, 1.620, and 


1.649, respectively. The first five liquids were mixtures of liquid 
yetrolatum (np=1.456) and a-chloronaphthalene (np>=1.632). The 
sixth liquid was a mixture of a-chloronaphthalene and a-bromonaph- 
thalene (np=1.656). After isolating a particular spectrum line by 
means of the monochromator, the sample was immersed in the appro- 
priate liquid, and the two were matched for index by adding small 
quantities of one of the pure liquids. When a good match had been 
obtained, the index of the immersion liquid was measured on the refrac- 
tometer. This process was repeated four times for each sample. In 


“each series of measurements, care was taken to approach the correct 
‘value from both a higher index immersion liquid and a lower one. 


ait 


Measurements of the temperature of the immersion liquid and of the 
refractometer prism block were made with a precision of +0.02° C. 
Corrections for very small temperature differences were applied by 
using an average change of —0.00035 in index per degree rise in 


‘temperature. 


In order to obtain the highest possible accuracy in index measure- 
ments, a comparison method recommended by Tilton’, was used. 


By this method, instrumental errors, such as a shift in the zero setting, 


can be readily compensated. Essentially this method consists in 


“checking the refractometer, before and after each series of immersion 
+ measurements, with a standard of known index approximately the same 


as the rough sample being measured and making the necessary cor- 


“rections. This check was made for each type of glass and for each wave- 


* length used, by measuring the standard as a Pulfrich slab on the re- 


fractometer. In several cases brought to the attention of the authors, 


- considerable difference was found in the readings of refractometers 
-when measuring solid and liquid samples of the same index. Should 


) this be the case, an alternative procedure should be used in checking 


"the refractometer. In the alternative procedure a liquid which in 


each case is matched with a known sample in index is used as the 


» “standard” instead of the solid sample. 


A series of 12 glass samples was tested to obtain the accuracy of the 


"instrument. These samples were cut from prisms that had been pre- 
"viously measured on a spectrometer. The indices of refraction of 
' these test pieces were known to the fifth decimal place. Since these 
> samples were in the shape of rectangular prisms approximately 2 by 
| 2 by 0.2 em in size and had polished faces, and since the instrument 
» was designed for measuring rough, irregularly shaped specimens, it 
» Was necessary to compare the accuracies of measurement obtainable 
' with rough pieces and finished samples. This was done by measuring 


the indices of refraction of four rough pieces of glass and then grinding 


| these pieces to the same shape as the standards and then remeasuring 
© the indices. The results of this test show that any difference that does 
/ exist is within the error of measurement. 


_Co 





*L. W. Tilton, J. Opt. Soe. Am. 32, 371-3815 (1942). 
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TABLE 2.—Comparison of measurements made on rough, irregularly shaped samply : 
and on fine-ground, rectangular specimens 








Index of refraction (np) Index of refraction (np) 





Rough sample peveny Rough sample prey 





SAMPLE I SAMPLE III 





1. 51580 . 1. 60179 
1. 51582 
1. 51578 
1, 51585 


1. 51581 











SAMPLE II SAMPLE IV 





1. 57187 . 1. 61960 
1. 57189 
1. 57190 
1. 57188 


1, 57189 



































V. RESULTS 


The values obtained in the test of the rough blanks are given in 
table 2. A total of 48 measurements were made on the 12 regular 
samples for each of the wavelengths, corresponding to the sodium ) 
line, and hydrogen F and C lines. The results of these measurements 
are tabulated in table 3. Table 3 also shows the errors in the measured 


TaBLE 3.—Comparison of immersion determinations of index of refraction ani 
dispersion with spectrometer values 








Method rif n Fr Error noc 





SAMPLE I 





Spectrometer r 1. 52211 1.51411 
Immersion 1 J , 1. 51412 
Immersion 2 ; ; 1. 61413 
Immersion 3 y ‘ 1. 51410 
Immersion 4 ' ; 1. 51412 


Average s ; 1. 61412 





2| 22222 
ao}; coaceaa 








Spectrometer 
Immersion 1_-. 
Immersion 2__ 
Immersion 3 
Immersion 4 











=| SSS 
Conoco 


Average 





SAMPLE III 





Spectrometer F - 1. 57906 1. 56913 
Immersion 1 m J 1. 56914 
Immersion 2 : 5 1. 56909 
Immersion 3 5 & 1. 56911 
Immersion 4 J x 1. 56911 


1. 56911 
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,BLE 3.—Comparison of immersion determinations of index of refraction and 
dispersion with spectrometer values—Continued 








a Error Error Error 
Determination 105 nr X105 nc <108 





SAMPLE IV 





pectrometer 57 1. 57850 
mersion 1 





1. 57849 





MPLE V 





1. 61419 
1.61416 
1. 61416 
mmersion 3 . 1. 61420 

mersion 4 . 1. 61419 





Average 5 1.61418 





SAMPLE VI 





1. 61446 
1. 61450 
nj ] 1. 61449 
nit Immersion 3 ' 1. 61450 
rular Immersion 4 6 1. 61447 


n DE : 1. 61449 
ents 
ured SAMPLE VII 











d 1. 63018 
ont : 1. 63020 
1. 63019 
1. 63019 
1. 63017 








1. 63019 








SAMPLE VIII 





1. 62942 
1. 62941 
1. 62943 
1 62937 
1. 62940 


1. 62940 








SAMPLE IX 





Spectrometer , 1, 63248 
Immersion 1 
ion ? 





1, 63250 





























MPLE X 





Spectrometer . 62023 1, 63247 --| 1.61536 
Immersion 1 . 62022 1. 63246 . 61539 
Immersion 2 . 62024 1. 63247 . 61535 
Immersion 3 . 62025 1. 63242 . 61537 
Immersion 4 . 62025 1. 63248 . 61536 


- 62024 1, 63246 1. 61537 





























—$_.__. 
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TABLE 3.—Comparison of immersion determinations of index of refraction qyj 
dispersion with spectrometer values—Continued 












































| | | 
Error | Error Error 
Method | nbd | 105 | NP | 105 nc | 105 B Ere 
| | | | | 
a 
SAMPLE XI 
l | 
Spectrometer_.....-.---------- | 1.64918 |... 1.66206 |........} 1.64373 |___.- | 338] 
aaa | 1.64918 | 0 | 1.66300 +4 | 1.64375 +2 33.7] -(] 
nee ; apse eR ee? | pred aa ae : i. re —3 33.7 ait 
—— ee are eee ee. 1.64915 —3 . 66296 1. 64371 —2 33.7 as 
ee SSE ae amen Pies | 1.64917 | -1 1. 66293 —3 | 1.64373 0 33.8 0 
 corecannemeneiseenestniens: | | 
a eee | 1.64917 | 1 | 1.66296 2| 1.64372 | 2 | 33.7 | 
| | 
SAMPLE XII 
| | | 
te pe oe | 1. 64845 |- scccncet see bsacceue 1. 64301 |____.. | See. 
ee dees dt a ee 1, 64845 | 1“ 1, 66215 —5 | 1.64301 0 | 33.9] +0) 
eee) Ee Oe eee 1, 64847 2 1. 66217 —3 1. 64299 —2 33.8 6 
IGN #......25<.-.5-sese- 5 64842 | -3 i. 66218 —2 is 64296 —5 33.7 “ 
ene So... wodcns ses _..--| 1.64845 | 0 1. 66218 -—2 1. 64306 | +5 33.9 + 
ee ee eee | 1. 64845 | 1| 1.66217 3 | 1. 64300 | 3] 338] 4 
! j 














values as compared with the spectrometer values. An examination 
of these errors shows that the maximum error, or degree of accuracy, 
for any single measurement is +5107, but the average error for tie 
144 measurements is only +1.9X10~°. The reproducibility, or pre 
cision, of these measurements, expressed as the average of the devia- 
tions from the mean value of each set of four immersion measurements, 
is +1.5X10~°. 

A summary of the average accuracy and precision of all the determi: 
nations is given in table 4. 


TaBLE 4.—Summary of accuracy and precision of determinations listed in table 3 








Average devia- 

} Average error | tion from mean 

| values 

| 

| An Sa eee BR EN se 1.610-5 1.4X10-5 
SS ee eee Em Roper = 2.11075 1.6 10-5 
OR OE rs oe 2. 1X10-5 1.6X10-5 
SL a eer ne 1.9X10-5 1.5X10-5 











The accuracy attained in these measurements is almost as high 
as the precision attainable on a refractometer. This indicates that 
the errors introduced in determining the match between the indices 
of the glass and liquid are for the most part negligible. According to 
Tilton,’ it would be very difficult to obtain results of this accuracy 
without the strict use of a comparison or substitution method. The 
success attained may be largely attributed to the fact that in measur 
ing a known standaid, on the refractometer both before and after 
each group of four immersion measurements, a comparison metho 
was used that approximates a substitution method. Other factor 
which should be mentioned are (1) temperature differences betwe-l 
the refractometer and immersion tank were rarely greater than 0.1", 
and these temperature effects were considered in obtaining the finel 


*L. W. Tilton, J. Research NBS 30, 311-328 (1943) RP1535. 
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values, and (2) the recommended tests to eliminate shielding of rays, 
setting on false edges, etc. (see footnote 9) were frequently made. 

Although the errors introduced in matching are, in general, negli- 
vible, the exper ience of the operator playsa part in these determinations. 
This is due to surface effects that interfere with the determination 
of a match. The ideal condition is one which produces a uni- 
formly illuminated field against which the sample is invisible. This 
exists very rarely in actual practice. Usually, under conditions of 
match, the main ‘body of the sample will blend with the field, but the 
edges of the sample will be outlined by very thin brilliant lines. In 
these cases, a match is determined by rotating the sample through 
180°. There should be no change in the thic ‘kness or brilliance of 
these lines when this is done. Thus any confusion due to surface 
effects may be avoided. The experience of the operator will also 
determine the speed with which measurements are made. An expe- 
rienced person can measure about six samples in an 8-hour day. Thus 
it is possible to secure complete information on the index of refraction 
and y value for a particular melt within 1% hours after a pot of glass is 
opened. 


VI. SUMMARY 


An improved apparatus for determining indices of refraction and 
dispersion of glass by immersion is described. The results of 144 
measurements indicate that the index of refraction may be determined 


f with an average error of +1.9X107° and a maximum error of £51075. 


Dispersion as represented by » values may be calculated from these 
measurements with an average error of 0.1 and a maximum error of 
0.8. This apparatus may, therefore, be used both for routine produc- 
tion control work and for the determination of the optical constants 
It may also 


composition on the optical properties of glass, especially where the 
glasses studied may be unstable. The full possibilities of the matching 
instrument have not been determined. More accurate refractometers 


and temperature controls are necessary for this purpose. 


Wasuincton, October 1, 1943. 
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